Neurotrophic factor deprivation causes apoptosis by a mechanism that requires macromolecular synthesis. This fact suggests that gene expression is necessary to achieve cell death. To identify mRNA that is expressed in apoptotic cells we used subtractive hybridization with cDNA prepared from neuronal pheochromocytoma cells. Monoamine oxidase (MAO) expression was increased in cells during nerve growth factor withdrawal-induced apoptosis. The increased apoptosis and induction of MAO was prevented by inhibition of the p38 mitogen-activated protein (MAP) kinase pathway. MAO may contribute to the apoptotic process because inhibition of MAO activity suppressed cell death. Together, these data indicate that MAO may be a target of pro-apoptotic signal transduction by the p38 MAP kinase pathway.
A poptosis contributes to the normal development of the nervous system and to the progression of some neurodegenerative diseases. For example, neurons that fail to make a functional connection with survival factor-producing target cells during development are eliminated by apoptosis (1) . Furthermore, subpopulations of neurons associated with pathological neurodegeneration, including Parkinson's, Huntington's, and Alzheimer's diseases, may die by apoptosis (2) (3) (4) (5) (6) . The death of these neurons is thought to contribute to the symptoms of these neurodegenerative disorders. Thus, the degeneration of nigrostriatal dopaminergic neurons causes Parkinson's syndrome (7, 8) . Although the degeneration of these cells has been attributed to apoptosis (7, 8) , the mechanisms that contribute to the apoptotic process remain to be established.
Pheochromocytoma (PC12) cells can be considered to be a model for the study of both developmental and diseaseassociated apoptosis. When treated with nerve growth factor (NGF), PC12 cells differentiate into a postmitotic neuronal cell type (9) . Because neuronal PC12 cells synthesize, store, and secrete large amounts of dopamine they most closely resemble dopaminergic neurons of the sympathetic nervous system (9, 10) . Expression of mutated amyloid precursor protein, exposure to iron, or exposure to reactive oxygen species (e.g., H 2 O 2 or peroxynitrites) causes neuronal PC12 cells to undergo apoptosis, mimicking the etiology of neurodegenerative disease (11) (12) (13) . Depriving differentiated PC12 cells of NGF reproduces a developmental scenario whereby the failure of a neuron to connect to a source of trophic support causes that neuron to undergo programmed cell death (1) . The wide variety of stimuli that can cause apoptosis suggests that several molecular pathways leading to death exist within these cells (14, 15) . NGF withdrawalinduced apoptosis of primary neurons and PC12 cells is blocked by the addition of macromolecular synthesis inhibitors up to 14 h after the removal of NGF (16, 17) . These data indicate that gene expression is required, either to enhance death signals or to suppress survival signals, to carry out the death program.
Previous studies designed to characterize genes expressed in apoptotic PC12 cells have led to the identification of rat orthologs of human TAFII70, Ring 3, and the Drosophila fsh gene (18, 19) . In addition, the cell cycle gene cyclin D1 and the immediate-early response transcription factors c-Jun and c-Fos are induced in apoptotic PC12 cells (20, 21) . An important role for c-Jun in neuronal apoptosis has been established in experiments using dominant-negative approaches and the analysis of mice with germline mutations in the c-Jun gene (22) (23) (24) . Furthermore, c-Jun NH 2 -terminal kinase (JNK) is implicated in death mediated by this pathway (22, (25) (26) (27) . Similarly, the p38 mitogen-activated protein kinase (MAPK) contributes to neuronal apoptosis (26, 28, 29) by mechanisms that include the MEF2-dependent induction of c-Jun expression (30) . Importantly, both the JNK and p38 MAPKs are activated during neurotrophic factor withdrawal (25) (26) (27) 29) . It is thought that these MAPK signal transduction pathways may mediate proapoptotic gene expression (31) . Targets of the JNK pathway in neurons include increased expression of FasL (32), but little is known about potential targets of the p38 MAPK pathway.
The purpose of this study was to identify p38 MAPKdependent gene expression in apoptotic neuronal PC12 cells. We report the identification of MAO as a gene that is regulated by the p38 MAPK pathway in apoptotic cells. Interestingly, MAO activity strongly potentiates neurotrophic factor withdrawalinduced apoptosis.
Materials and Methods
Cell Culture. PC12 cells were maintained at 37°C with 10% CO 2 in DMEM containing 10% heat-inactivated horse serum (GIBCO), 5% FBS (Omega Scientific, Tarzana, CA), penicillin͞ streptomycin, and 2 mM glutamine (Life Technologies, Rockville, MD). PC12 cells were differentiated on plates coated with 0.2 mg͞ml rat-tail collagen (Biomedical Technologies, Stoughton, MA) in DMEM supplemented with 1% heat-inactivated horse serum (Life Technologies), penicillin, streptomycin, and glutamine as listed above and 75 ng͞ml NGF (Austral Biological) for 10-12 days. The medium was changed every other day. NGF withdrawal was initiated by washing differentiated PC12 cells once with NGF-free medium and the addition of NGF-free medium containing a neutralizing antibody (Sigma) to the 2.5S subunit of NGF (13 g͞ml; 1:1000 dilution). Control cells were incubated in the NGF containing differentiation media after the wash in NGF-free medium. Clorgyline (0-10 M; Research Biochemicals, Natick, MA), deprenyl (0-10 M; Research Biochemicals), PD169316 (10 M; Calbiochem), and PD98059 (25 M; Calbiochem) were added to the culture medium. To treat cells with dopamine, the medium was replaced with differentiation media with 300 M dopamine plus 75 ng͞ml of NGF. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Gene Expression Analysis. Poly(A) ϩ RNA was extracted from PC12 cells with the Invitrogen MicroFast Track 2.0 mRNA isolation system according to the manufacturer's protocol. Differentiated PC12 cell mRNA was subtractively hybridized to 12 h NGFwithdrawn PC12 cell mRNA with the CLONTECH PCR-Select cDNA Subtraction Kit according to the manufacturer's protocol. The PCR products generated from the subtraction were cloned in the vector pCR II (Invitrogen) and transformed into DH5␣ competent bacteria, and the resultant clones were picked for DNA sequence analysis. Forty clones identified by the subtractive hybridization were rescreened by Northern blot analysis to confirm induction during NGF withdrawal. Poly(A) ϩ mRNA (2-4 g) was examined by Northern blot analysis with the use of probes random primer labeled with [␣-32 P]dATP. The probes were hybridized in 50% deionized formamide, 10% dextran sulfate, 1% SDS, 1 M NaCl, and 100 mg͞ml of denatured, sonicated salmon sperm DNA overnight (12-16 h) at 42°C. The blots were washed twice in 2ϫ SSC͞0.1% SDS at 25°C, once in 0.2ϫ SSC͞0.1% SDS at 25°C, and once in 0.2ϫ SSC͞0.1% SDS at 42°C (1ϫ SSC ϭ 0.15 M sodium chloride͞0.015 M sodium citrate, pH 7).
Cell Death Determination. Differentiated PC12 cells (6-7 days) were harvested, counted by trypan blue staining, replated (5 ϫ 10 4 cells͞ml), and differentiated for 5-7 additional days before NGF withdrawal. Cells were harvested by gentle pipetting, combined with the culture supernatant, centrifuged at 200 ϫ g at 4°C, resuspended in 1 ml of 4°C PBS, and transferred to a prechilled microcentrifuge tube. Nucleosome fragmentation was measured with the Cell Death Detection ELISA assay (Roche Molecular Biochemicals) according to the manufacturer's protocol. Apoptosis was also examined by analysis of chromosome condensation by fluorescence microscopic examination of PC12 cells stained with 4,6-diamidino-2-phenylindole (26). 
Results

Gene Expression Is Required for NGF Withdrawal-Induced Apoptosis.
Neuronal PC12 cells undergo apoptosis when deprived of NGF (26) . Previous studies have demonstrated that NGF withdrawalinduced death of PC12 cells (and primary neurons) can be blocked by inhibitors of transcription or translation (16, 34) . We confirmed this observation by measuring nucleosome fragmentation of DNA with the use of the PC12 cells used in this study. Treatment with actinomycin D did not significantly affect NGFtreated PC12 cells, but this treatment dramatically reduced apoptosis caused by NGF deprivation (Fig. 1) . These data suggest that gene expression is required to execute the apoptotic program induced by NGF withdrawal.
To identify genes induced during NGF withdrawal-induced apoptosis, we used subtractive hybridization of cDNA isolated from control neuronal PC12 cells and from PC12 cells 12 h after NGF withdrawal. cDNA clones identified in this assay were tested in a secondary screen by Northern blot analysis of polyA ϩ mRNA isolated from control and apoptotic PC12 cells. This strategy led to the identification of the A isoform of MAO ( Fig. 2A) . The MAO mRNA was induced 2.8-and 4.0-fold at 12 and 24 h, respectively, after NGF withdrawal (Fig. 2B) . In contrast, the expression of SNAP-25 mRNA, which is selectively expressed in differentiated neuronal PC12 cells, was not induced by NGF withdrawal (Fig. 2B) .
MAPK Requirement for MAO Gene Expression. p38 MAPK [but not the extracellular signal-regulated kinase MAPK] is activated in response to trophic factor deprivation (26) . To test the role of these MAPK signal transduction pathways in MAO gene expression after NGF withdrawal, we examined the effect of small molecules that are known to inhibit MAPK signal transduction. The extracellular signal-regulated kinase pathway inhibitor PD98059 (25 M) blocked extracellular signal-regulated kinase activation (data not shown) but did not rescue PC12 cells from apoptosis (Fig. 3A) and did not prevent the expression of MAO mRNA in response to NGF withdrawal (data not shown). In contrast, the p38 MAPK inhibitor PD169316 (10 M) blocked p38 activity (monitored by measurement of MAPKAPK-2 activity; data not shown), significantly reduced PC12 cell apoptosis (65% inhibition), and markedly reduced the basal expression of MAO (Fig. 3) . Strikingly, the induction of MAO mRNA upon NGF deprivation was abolished by the p38 MAPK inhibitor PD169316 (Fig. 3B) . These data suggest that p38 MAPK activity contributes to the expression of MAO in differentiated PC12 cells. Furthermore, these data indicate that p38 MAPK is required for the increased expression of MAO caused by NGF withdrawal.
Effect of NGF Withdrawal on MAO Activity. Two isoforms of MAO (A and B) are expressed in the brain (35, 36) . MAO A is found predominantly in the substantia nigra (a region rich in dopaminergic neurons), the locus coeruleus, the striatum, and other areas containing catecholaminergic neurons (36, 37) . MAO B is expressed at a lower level in the same brain regions as MAO A and is most abundant in the raphe nuclei and glial cells (35, 38) . MAO A and B differ in their substrate preferences. MAO A has high activity toward the biogenic amines 5-HT, norepinephrine, and dopamine and is specifically inhibited by clorgyline (39) . MAO B has high activity toward phenylethylamine and ben- zylamine as substrates and is inhibited by deprenyl, a drug with reported effects on Parkinson's disease (39) .
PC12 cells resemble catecholaminergic neurons by synthesizing, storing, and releasing dopamine (10, §). PC12 cells also contain predominantly the A isoform of MAO and undetectable levels of MAO B (41) . To determine whether MAO activity is affected by the withdrawal of NGF, an enzyme assay was performed, with 5-HT as the substrate. A time course of NGF deprivation indicated that MAO substrate deamination (assayed in cell lysates) was increased after NGF withdrawal (Fig. 4A) . The maximum 5-HT deamination was observed at 24 h after NGF withdrawal and was inhibited by the irreversible MAO A inhibitor clorgyline (Fig. 4 A) . Nanomolar concentrations of the MAO A inhibitor clorgyline effectively eliminated the metabolism of the 5-HT substrate, whereas the MAO B inhibitor deprenyl had no effect at the same concentration (Fig. 4B) . As reported previously, micromolar and millimolar concentrations of deprenyl and clorgyline inhibit both MAO A and B isoforms (Fig. 4B) . Collectively, these data demonstrate that withdrawal of NGF from differentiated PC12 cells causes an increase in MAO activity, and addition of the irreversible MAO inhibitor clorgyline strongly inhibits MAO activity in PC12 cells.
MAO Inhibition Rescues NGF Withdrawal-Induced Apoptosis of PC12
Cells. MAO expression and activity are increased after NGF withdrawal. To determine whether MAO activity was relevant to NGF withdrawal-induced apoptosis, we examined the effect of the MAO inhibitor clorgyline. Neuronal PC12 cells were deprived of NGF and treated with or without clorgyline for 24 h and then stained with 4,6-diamidino-2-phenylindole. Cells exhibiting chromatin condensation, visualized by f luorescence microscopy, were scored as apoptotic (Fig. 5) . At least 1,000 cells were examined in each treatment group. NGF deprivation caused a 10-fold increase in apoptotic cells after 24 h (Fig. 6A) . Addition of clorgyline to NGF-treated cells had no effect on apoptosis (Fig. 6 A) . In contrast, clorgyline treatment resulted in a 70% reduction of NGF withdrawal-induced apoptosis (Fig.  6 A) . These observations were confirmed by measurement of nucleosome fragmentation of DNA, a different parameter of cell death (Fig. 6B) . Collectively, these data indicate that MAO activity potentiates the NGF withdrawal-induced death of PC12 cells. Furthermore, MAO inhibition causes reduced apoptosis. 3,4-dihydroxyphenyl-acetic acid on cell survival have not been established, the potent and deleterious effects of H 2 O 2 and related reactive oxygen species are established (42). Low concentrations (Ͻ1 M) of exogenous dopamine have been shown to promote PC12 proliferation and survival, but higher concentrations (Ͼ100 M) kill PC12 cells, sympathetic ganglia neurons, and cerebellar granule neurons (43) . To investigate the effect of MAO inhibition on dopamine-induced apoptosis, 300 M dopamine was added to NGF-maintained PC12 cells. The effect of addition of the MAO inhibitor clorgyline was examined. Exogenous dopamine caused a robust increase in PC12 cell apoptosis, measured by chromosome condensation (staining with 4,6-diamidino-2-phenylindole) and the nucleosomal DNA fragmentation assay (Figs. 5 and 6 ). Furthermore, dopamine-induced apoptosis was inhibited by the addition of the MAO inhibitor clorgyline (Fig. 6) . Together, these data indicate that the dopamine-induced death of neuronal PC12 cells is reduced by the MAO inhibitor clorgyline and suggest that MAO-catalyzed deamination of dopamine contributes to PC12 cell apoptosis.
MAO Inhibition Rescues
Discussion
The p38 MAPK Pathway Is Required for Pro-Apoptotic Expression of MAO. JNK and p38 MAPK are activated by many stimuli that cause apoptosis (31) . JNK phosphorylation and activation of the transcription factor c-Jun during cell death is well established (31) . However, the roles of other substrates of JNK are not defined (31) . Similarly, the targets of the p38 MAPK pathway in apoptosis are poorly understood. It is likely that these MAPK signal transduction pathways contribute to the control of gene expression in apoptotic cells. Gene expression is known to be required for neurotrophic factor withdrawal-induced apoptosis of PC12 cells (17) . Candidate genes that may be induced by pro-apoptotic signal transduction by the JNK pathway include FasL (32) . However, genes that are expressed by a p38 MAPK-dependent mechanism in apoptotic cells have not been described. Here we report that MAO expression is increased in neuronal PC12 cells after NGF withdrawal and that this expression of MAO requires the p38 MAPK signal transduction pathway. The p38 MAPK inhibitor PD169316 prevents increased MAO expression by PC12 cells after NGF withdrawal and suppresses apoptosis. These data, together with the observation that NGF withdrawal causes p38 MAPK activation (26, 29) , suggest that the p38 MAPK signaling pathway functions as a regulator of MAO gene expression in apoptotic cells. Further studies are required to identify the mechanism by which the p38 MAPK pathway increases the expression of MAO mRNA. It is possible that p38 MAPK may regulate MAO mRNA stability. Alternatively, p38 MAPK may regulate transcription of the MAO gene. The observation that p38 MAPK phosphorylates and activates a number of transcription factors (e.g., ATF2, Elk-1, Ets, and MEF2) and that p38-activated protein kinases can phosphorylate and stimulate the transcription factor cAMP response binding protein (CREB) suggests that the effects of p38 MAPK on MAO gene expression may be complex. Nevertheless, MAO expression depends on the p38 MAPK signal transduction pathway (Fig. 3B) .
MAO Activity Contributes to PC12 Cell Apoptosis. The observation that MAO expression and activity are increased in response to NGF withdrawal indicates that this oxidase may play a role in trophic factor deprivation-induced apoptosis of PC12 cells. Indeed, the by-products of MAO-catalyzed deamination of dopamine cause apoptosis of neuronal cells (42, 44) . Whereas both autooxidation and MAO-catalyzed deamination of dopamine have been reported to cause apoptotic death (45) , the results of the present study indicate that MAO activity does contribute to PC12 cell death (Figs.  4 and 5) . Dopaminergic neurons and PC12 cells sequester millimolar concentrations of the neurotransmitter dopamine in releasable pools of synaptic vesicles. § Apoptosis-induced defects in exocytosis, transporter molecules, or synaptic vesicle integrity may lead to increased cytosolic dopamine. Cytoplasmic dopamine may also be accumulated from exogenous sources (e.g., release from neighboring cells). MAO catalyzes substrate deamination in the cytoplasm, releasing hydrogen peroxide as a by-product. Therefore increased dopamine availability during the apoptotic process may lead to the generation of harmful reactive oxygen species by MAO. Other sources of reactive oxygen species include NADH oxidases (46) . Inhibition of MAO may therefore protect cells from apoptosis by decreasing the formation of reactive oxygen species. This proposed mechanism implies that the role of MAO is to potentiate apoptosis rather than acting directly in the apoptotic death mechanism (e.g., caspase activation). The possibility that MAO may contribute to the death of dopaminergic neurons after the death of neighboring neurons (and subsequent release of dopamine) is intriguing because it suggests a potential mechanism for neurodegeneration.
MAO is a resident protein of the outer mitochondrial membrane (49) . This localization of MAO is interesting because an important role for mitochondria in apoptosis has been established (50) . This subcellular localization suggests that MAO may alter mitochondrial function. Indeed, it has been demonstrated that MAO activity can cause mitochondrial dysfunction (40) . Further studies are required to demonstrate that MAO does cause mitochondrial dysfunction in apoptotic cells.
MAO A deficiency in mice and humans is associated with increased aggressive behavior (47, 48) . Studies of MAO A knockout mice indicate elevated brain levels of dopamine, and this neurotransmitter mediates, in part, a stress response (48) . A link between aggression and neuronal apoptosis has not been established. However, the results of our study suggest that apoptotic defects may contribute to the phenotype of MAO A-deficient mice. Nevertheless, the results of the present study establish that MAO is a target of pro-apoptotic signal transduction by the p38 MAPK signal transduction pathway. 
